Abstract. Incontinence pad wearers often suffer from sore skin, and a better understanding of friction between pads and skin is needed to inform the development of less damaging materials. This work investigated friction between a skin surrogate (Lorica Soft) and 13 nonwoven fabrics representing those currently used against the skin in commercial pads. All fabrics were found to behave consistently with Amontons' law: coefficients of friction did not differ systematically when measured under two different loads. Although the 13 fabrics varied considerably in composition and structure, their coefficients of friction (static and dynamic) against Lorica Soft were remarkably similar, especially for the 10 fabrics comprising just polypropylene (PP) fibres. The coefficients of friction for one PP fabric never differed by more than 15.7% from those of any other, suggesting that the ranges of fibre decitex (2.0-6.5), fabric area density (13-30 g.m -2 ) and bonding area (11-25%) they exhibited had only limited impact on their friction properties. It is likely that differences were largely attributable to variability in properties between multiple samples of a given fabric. Of the remaining fabrics, the one comprising polyester fibres had significantly higher coefficients of friction than the highest friction polypropylene (PP) fabric, while the one comprising PP fibres with a polyethylene (PE) sheath had significantly lower coefficients of friction than the lowest friction PP fabric. However, fabrics differed in too many other ways to confidently attribute these differences in friction properties just to the choice of base polymer.
Introduction
Urinary incontinence is very common. It is estimated that 10% of women in the western world suffer from it weekly, while a further 25-45% also leak, but less frequently (Milsom et al, 2013) . Prevalence increases with age (Milsom et al, 2013; Hunskaar et al, 2005) , and figures for men are around half of those for women. Treating the underlying causes of urinary incontinence using behaviour therapy, medication, or surgery can often achieve cure -or, at least, a reduction in the severity of symptoms. However, complete cure is not always possible, and for those not fully cured, the challenge is to discover how to manage their incontinence so as to minimize its impact on their quality of life. This usually involves using some kind of continence product(s) to control or contain leakage, and disposable absorbent pads are by far the most common.
Disposable incontinence pads have improved considerably in recent years but wearers still commonly experience skin damage, soreness and discomfort in the diaper area (Clarke-O 'Neill et al, 2015) . When skin is occluded by pad materials -especially if they are wet -the outer-most layer of the skin (the stratum corneum) becomes overhydrated, compromising its barrier function and making it susceptible to abrasion damage by friction against the pad, and vulnerable to chemical irritation and bacterial colonisation (Lyder et al, 1992; Berg et al, 1988; Ersser et al, 2005) . The aim of the work described here was to investigate friction between a skin surrogate (Lorica Soft) and a wide range of nonwoven materials representative of those currently used next to the skin in commercially available incontinence pads.
Background and literature review
Incontinence pads vary greatly in the detail of their design but they are invariably based on an absorbent core sandwiched between a waterproof backsheet below and a water-permeable topsheet next to the skin. Topsheets are usually made from nonwoven fabrics -open-structured, fibrous materials which help to stabilize the absorbent core, readily allow urine through to the absorbent core and, ideally, resist its escape in the reverse direction. The formal definition of a nonwoven is, "… a sheet of fibres, continuous filaments, or chopped yarns of any nature or origin, that have been formed into a web by any means, and bonded together by any means, with the exception of weaving or knitting." (EDANA, 2008) .
Nonwovens can be formed and bonded in a variety of ways. Spunbonding refers to the process of converting molten polymer granules to filaments -by extrusion via spinnerets -and then cooling them before they are laid to create a uniform web. Some bonding initially occurs due to cohesion between touching fibres before they have fully cooled. Carding refers to the creation of a web of fibres from fibre bales which are opened, combined and transported by an air stream to one or more rotating drums (or cards). These drums radiate narrow wiry projections or teeth, which act as a comb, spreading the fibres to form the web. Calendering is the process of mechanically stabilizing a fabric by compressing it between hot rolls with raised patterns on their faces that deliver a regular array of pressure points to the fabric, causing localized melting (bonding) together of fibres. For bicomponent fibres, the fibre mat is heated to a temperature between the softening-temperatures of the two component materials, so that bonding is promoted between the sheaths of contacting fibres, while the less affected cores enable the fibres to retain mechanical integrity throughout the process.
Incontinence-associated (or perineal) dermatitis (IAD) occurs when the skin comes into contact with urine and/or faeces for prolonged periods of time, resulting in localized inflammation of the skin, and a common context is skin occluded by absorbent or other incontinence products (Gray, 2010) . Most prevalence studies have been conducted on elderly populations in long-term care facilities and figures of 3.5-53% have been reported . In recent years, much work has been done to investigate the diagnosis and treatment of IAD, but less research has focused on identifying and understanding the mechanisms that cause it. In particular, the contribution of friction between skin and incontinence pad topsheets is currently unclear.
There have been many studies of friction between skin and monolithic hard materials such as glass (Derler and Rotaru, 2013; Adams et al, 2007) , various metals (Veijgen et al, 2012; Veijgen et al, 2013; Tomlinson et al, 2011; Kwiatkowska et al, 2009 ) and various polymers (Veijgen et al, 2013; Tomlinson et al, 2011; Elsner et al, 1990; Cua et al, 1990) but friction between fabrics and skin -or skin surrogates -has received relatively little attention. In work to date, two main approaches have been taken. In the first, a circular probe or annulus, faced with the fabric of interest, is pressed against the skin (surrogate) while the torque required to rotate it about its axis is measured (Zhang and Mak, 1999) . By contrast, in the second -linear pull -method, the force required to translate the fabric across the skin (surrogate) under load is recorded (Cottenden et al, 2008a&b; Gerhardt et al, 2008a Gerhardt et al, , 2009a Derler et al, 2007; Gwosdow et al, 1986; Kenins, 1994; Hong et al, 2005; Comaish and Bottoms, 1971; Derler and Rotaru, 2013) . Linear pull methods can be further divided into straight pull methods, in which the translation is in a straight line across a flat surface (Cottenden et al, 2008a; Gerhardt et al, 2008a Gerhardt et al, , 2009a Derler et al, 2007; Hong et al, 2005; Comaish and Bottoms, 1971) , and curved pull methods, in which a strip of the fabric is draped under load over a curved skin (surrogate) surface and is dragged along a path corresponding to a geodesic of the curved surface (Cottenden et al, 2008b; Gwosdow et al, 1986; Kenins, 1994) . Sometimes, straight linear pull methods are implemented using a force plate which simultaneously records normal and friction forces as a function of time (Derler and Rotaru, 2013; Gerhardt et al, 2008b Gerhardt et al, , 2009b Derler et al, 2007 Derler et al, , 2009 ).
The work reported here draws on investigations by who developed a straight pull method for measuring friction between a skin surrogate (Lorica Soft) and nonwovencovered acrylic anvils. Lorica Soft was chosen as skin surrogate because Derler et al (2007) demonstrated that its coefficient of friction against a test fabric was similar to that for skin for normal loads from almost nothing to about 10 N. The anvils were cast to have shapes such as to ensure uniform pressure across nonwoven ~ Lorica Soft interfaces for each particular load. Two such interfaces were used in order to substantially avoid the complexities that would have been generated by the turning moment, to which the assembly would have been subjected if only one friction surface were present. With just one interface, the line of action of the tensometer force would be vertically displaced from the plane of the Lorica Soft ~ fabric interface.
In their work to develop the methodology, took measurements using five different normal loads (0.25 N, 0.73 N, 2.65 N, 8.09 N and 19 ). However, they found that coefficients of friction did not vary systematically with normal load, and that, although they did find a measurable variation with crosshead speed, the magnitude was low. They also discovered that Amontons' law held to high precision for dry friction for each of three nonwoven fabrics and pressures between 0.6 kPa and 32.1 kPa (loads between 0.25 N and 19.01 N on anvils 26 mm in diameter); that is, coefficients of (dynamic) friction were independent of normal load.
The primary aim of the work described here was to extend Cottenden and Cottenden's earlier experiments (2013) by using their method to investigate dry friction for a wider range of nonwovens of the kind currently used to face commercially available disposable body-worn incontinence pads. A second aim was to generate data that would help with selecting a suitable subset of fabrics for future work on the skin of volunteers. An ideal strategy might have been to specify a set of experimental fabrics that differed from one another in limited and well-defined ways, so facilitating a systematic study of the impact of different polymer and manufacturing variables on fabric friction properties, but this would have been impractical. Nonwovens for use in incontinence products are generally made in vast quantities using high speed processes, and the number of -often interdependent -process variables is considerable. Nevertheless, it was possible to select a series of 13 fabrics, such that useful comparisons could be made between fabrics which held some features in common while differing in others. Table 1 summarizes the primary features and manufacturing details of the 13 nonwovens chosen for the work, along with the three used by in their earlier work, for comparison. These three were also added to the mix in preliminary work to provide cross-checking in the initial stages. Most of the 13 fabrics had been manufactured either by spunbonding and calendering (9/13) -like the fabric shown in figure 1 -or by carding and calendering (3/13). The fraction of the fabric area included in bonding varied from 11% to 25% between the 12 fabrics manufactured in this way. The thirteenth fabric (SF3) was spunlaced (hydroentangled), meaning that it was bonded using fine water jets at high pressure to entangle and enmesh the fibres. Due to the intrinsic hydrophobicity of the constituent polymers, uncoated nonwoven fibres remained hydrophobic. (SF18) showing the array of bonding points used to stabilize the fabric. Bonding points (one is outlined for clarity) were square (around 0.5 mm x 0.5 mm) and in rows and columns spaced roughly 1.4 mm between centres (indicated by white dots).
Materials and methods
Ten of the 13 fabrics were made from polypropylene (PP) fibres, while SF3 used polyester (PET) fibres, and the predominantly PP fibres in SF14 were supplemented with 5% of cotton fibres. Fabric SF18 was made from bicomponent fibres comprising a higher softening-temperature PP core surrounded by a lower softening-temperature polyethylene (PE) sheath. The decitex of the fibres (mass in grams per 10 km of a fibre) in around half of the 13 fabrics was 2 or 2.2, while the fibres were finer in three fabrics (down to 1.5 decitex for SF18) and coarser in a further three (up to 6.5 decitex for SF17). Most of the fabrics (7/13) had nominal area densities between 17 and 20 g.m -2 , while four were denser (up to 50 g.m -2 for SF3), and a further two, lighter (down to 13 g.m -2 for SF15).
Friction was measured between Lorica Soft (Ehrlich Lederhandels GmbH, Biberach, Germany; http://www.ehrlich-leder-lorica.de) and each of the 13 chosen fabrics (table 1) using a method based on that devised by and the apparatus shown in figure 2 . A tensometer was used to pull a slider bearing two Lorica Soft surfaces (one facing upwards and the other down) between a pair of cast acrylic anvils covered in the nonwoven of interest, secured at the periphery of each anvil with varnish. Loads were applied using dead weights (figure 2). Before these dead weights were applied, a small "trimming" load was added to the upper Perspex support to compress the four springs, so that the nonwoven on the top anvil was just in contact with the upper surface of the slider. The springs counterbalanced the weight of the upper Perspex support and trimming load so that the only force applied to the upper nonwoven ~ Lorica Soft interface was the chosen applied normal load. All measurements were carried out in an environmentally controlled room (maintained at 23.0 ± 2ºC and 50.0 ± 4% relative humidity), where the skin surrogate samples remained throughout the experimental period.
Two Lorica Soft ~ fabric interfaces were used, positioned symmetrically about the line of the tensometer pull. The tensometer force was logged for displacements up to 50 mm as the slider was pulled from its initial position, and the initial maximum force generated was taken to be that required to overcome static friction between the Lorica Soft and the fabric, having divided by two to take account of the two interfaces. To estimate the force required to overcome dynamic friction, the mean tensometer force for displacements between 12 mm and 50 mm was calculated. Following practice data, the initial 12 mm of motion were discarded to avoid the transition phase from static to dynamic friction. For convenience in investigating a larger number of fabrics, just two applied loads (2.65 N and 8.09 N, corresponding to configurations & and respectively, in the paper by ) and one crosshead speed (0.5 mm.s -1 ) were used here. Nevertheless, the lower interface was always subject to a load of approximately 0.5 N greater than the upper interface due to the mass of the slider (50.6 g) between them, and the mean of the loads experienced by the two interfaces was used in all calculations. As the contribution of the slider mass to the mean normal force varied slightly during each friction cycle, references will simply be made to "2.65 N anvils" and "8.09 N anvils" -reflecting the intended applied loads, rather than the actual normal forces -from this point onwards, to avoid confusion.
The microstructure and associated mechanical properties of nonwovens can be highly anisotropic, varying -in particular -between the machine and cross-machine directions during manufacture. There may also be differences between the two faces, depending on the design and configuration of the rolls. Accordingly, for consistency in the current work, all nonwoven samples were mounted with their machine direction (somewhat arbitrarily) parallel to the direction of the tensometer pull, and all the samples of a given nonwoven were mounted with the same fabric face towards the Lorica Soft.
Another complexity to be addressed in running long series of measurements on the same fabric sample is that such nonwovens typically take one or two measurement cycles to wear in (and yield consistent data) and, after several more measurements, begin to wear out . For the current work, 10 repeat friction measurements were made under each load for each fabric, and data from the initial two repeats, corresponding to the wear-in period, were discarded before analysis (see Results). However, the surface integrity for the nonwoven fabrics was stable for the 10-cycle period. The same two pieces of Lorica Soft were used with all samples of fabric, but the data obtained were not thought to be affected by their repeated use. This was because Cottenden and Cottenden's combined preliminary and published data suggested no notable change in the Lorica Soft samples after extensive friction measurements.
Results
Figure 3 provides an example set of the 10 replicate traces of friction force against displacement for one fabric (SF16) with one of the two pairs of anvils (2.65 N). Plots were of similar form for all fabrics and both loads. Each curve exhibited an initial peak (corresponding to overcoming static friction) followed by a transition phase (for displacements up to not more than 12 mm) before a quasi-constant dynamic friction force was reached, so justifying the decision to discard data for displacements up to 12mm when calculating the mean dynamic friction force for a given replicate. The curve for the first replicate in a set of 10 -and sometimes the second -was higher than for subsequent replicates for all fabrics and both loads, but there was no systematic variation across replicates 3-10 (figure 4). In consequence, data from the first two replicates were discarded when mean friction forces for a given fabric and load were calculated. The coefficient of static friction for each fabric under each of the two loads was calculated as the mean static friction force across replicates 3-10, divided by the load (corrected for the weight of the slider). For coefficients of dynamic friction, the mean dynamic friction force for each of replicates 3-10 was averaged and divided by the corrected load. Results are summarized in figure 5 . Despite the considerable variety of fibre polymer and decitex, fabric area density and other variables exhibited by the 13 fabrics, their coefficients of friction against Lorica Soft were remarkably similar. Almost all of them had coefficients of static friction in the range 0.21-0.23, and coefficients of dynamic friction in the range 0.18-0.21. It is notable that all three of the fabrics that did not comprise just PP fibres had coefficients of friction falling outside the ranges of values for the PP fabrics. SF18, with its low decitex (15) bicomponent PP/PE fibres, low area density (15 g.m -2 ) and low bonding area (12%), had the lowest coefficients of friction of all the fabrics. At the other end of the range, SF3 -the only fabric with PET fibres -had the highest coefficients of friction, followed by SF14 with its mix of PP and cotton fibres.
The repeatability of measurements across replicates 3-10 for a given fabric and load was remarkably good (figure 5), with the coefficient of variation never exceeding the 5% for static friction measurements on fabric SF3 using the 8.09 N anvils. Coefficients of friction with 2.65 N anvils and 8.09 N anvils were generally in good agreement, and the coefficient of friction from the 8.09 N anvils differed by less than 5% from the corresponding value for 2.65 N anvils, for 19 of the 26 comparisons (static and dynamic friction for each of the 13 fabrics). The biggest difference was for SF15, for which the coefficient of dynamic friction with 8.09 N anvils was 12.6% higher than with 2.65 N anvils. In twelve of the comparisons, the coefficient of friction from 8.09 N anvils was lower than that from 2.65 N anvils, while the reverse was true for the other fourteen. are also given (% diff).
Discussion and conclusions
Coefficients of friction measured under the two different loads were in good agreement with each other for all 13 fabrics, for both static and dynamic friction (figure 5); that is, Amontons' law was obeyed. Differences were generally less than 5% (19/26 comparisons), with a maximum of 12.6%, and were about as likely to be positive as negative: in 14/26 comparisons the coefficient of friction for 8.09 N anvils exceeded that for 2.65 N anvils, while the reverse was true for the remaining 12 comparisons (figure 5). Statistical testing (Wilcoxon signed rank test with continuity correction) revealed no significant systematic difference between coefficients of friction (static and dynamic) between the two loads, across the 13 fabrics. Although the differences were quite modest for any of the fabrics, they may seem large considering the excellent repeatability of the friction data from which they were calculated. However, there is another source of error to consider. For a given fabric, the measurements made under the two different loads used different test pieces of the same fabric and the comparison of data assumes them to have had identical properties. Yet it is known that the homogeneity of nonwoven fabrics can be poor so that test pieces taken from nearby locations on the same sample may vary considerably.
The inhomogeneity of these fabrics was not investigated in friction measurements with Lorica Soft but, in unpublished preparation for their earlier work, did investigate the variation in friction properties across multiple samples of a PP nonwoven (DC6 in table 1) similar to those studied here, and using the same procedure. They made 3-5 repeat friction measurements using a particular load and crosshead speed, before replacing the fabric test-pieces with new ones and repeating the exercise. They then compared mean coefficient of friction values for the two different series. They made five such pairwise comparisons, using different loads and crosshead speeds and found differences between mean coefficients of dynamic friction of between 1.9% and 9.0%. It is not known how typical the variability of DC6 was of the 13 fabrics studied here, but it is noteworthy that the differences in coefficients of dynamic friction found between nominally identical test pieces of their DC6 fabric were similar to those reported here for different samples of the same fabric tested under different loads ( figure  5 ). This suggests that the (albeit limited) deviation from Amontons' law for a given fabric, shown in figure 5 (coefficients of friction varying with load), is attributable to variability in the fabrics from which test pieces were cut.
Despite the considerable variety of fibre polymer and decitex, and fabric area density and bonding area across the 13 fabrics, their coefficients of friction against Lorica Soft were remarkably similar, and especially so for the 10 fabrics comprising just PP fibres (figure 5). Differences in coefficient of static friction between any pair of fabrics comprising just PP fibres never exceeded 12.6%, and never 15.7% for coefficient of dynamic friction. It is likely that these differences are largely attributable to the inhomogeneity of the fabrics since they are mostly of similar order to the differences (1.9-9.0%) that found, between multiple samples of the same fabric in their work, with a PP nonwoven similar to those studied here. If fibre decitex, fabric area density and bonding area do affect PP nonwoven friction properties, the impact appears to have been too subtle to rise convincingly above the noise in the data, likely to have been generated by inhomogeneity in the fabrics: varying fibre decitex (2.0-6.5), fabric area density (13-30 g.m -2
) and bonding area (11-25%) across the ranges exhibited by these ten PP fabrics had little effect on their dry friction properties with Lorica Soft.
The PET fabric (SF3) had significantly higher coefficients of static and of dynamic friction than the highest friction PP fabric (SF2) at each of the two test loads (p<0.005), while the PE/PP fabric (SF18) had significantly lower coefficients of friction than the lowest friction PP fabric (SF15) (p<10 -8 ). However, in both comparisons the fabrics differed in too many ways (table 1) for friction differences to be clearly attributable just to the choice of fibre polymer.
The work described here has been useful in showing that Amontons' law holds -at least, against Lorica Soft -for the friction properties of a wide range of nonwoven fabrics of the kind used to face incontinence pads, and it has yielded data that indicate the range of properties exhibited by these fabrics for the Lorica Soft model system. Perhaps surprisingly, the work shows that fibre decitex, and fabric area density and bonding area appear to have little effect on friction properties, at least over the ranges exhibited by the test fabrics. There is some evidence that making nonwovens using PET fibres may yield higher -and PE fibres, lower -coefficients of friction than using PP fibres, but more work is needed to separate out such confounding variables as fibre decitex and fabric area density. The next step is to investigate the friction properties of a subset of the fabrics against the skin of volunteers, first in the dry state and then in the wet to build a better understanding of friction between skin and incontinence pads in real use.
